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ABSTRACT
In this paper, we study in detail the evolution of a mini-sigmiod originating in a
cross-equatorial coronal hole, where the magnetic field is mostly open and seriously
distinct from the closed background field above active-region sigmoids. The source
region first appeared as a bipole, which subsequently experienced a rapid emergence
followed by a long-term decay. Correspondingly, the coronal structure initially ap-
peared as arc-like loops, then gradually sheared and transformed into continuously
sigmoidal loops, mainly owing to flux cancellation near the polarity inversion line.
The temperature of J-shaped and sigmoidal loops is estimated to be about 2.0× 106
K, greater than that of the background coronal hole. Using the flux-rope insertion
method, we further reconstruct the nonlinear force-free fields that well reproduces the
transformation of the potential field into a sigmoidal field. The fact that the sheared
and sigmoidal loops are mainly concentrated at around the high-Q region implies that
the reconnection most likely takes place there to form the sigmoidal field and heat the
plasma. Moreover, the twist of sigmoidal field lines is estimated to be around 0.8, less
than the values derived for the sigmoids from active regions. However, the sigmoidal
flux may quickly enter an unstable regime at the very low corona (< 10 Mm) due
to the open background field. The results suggest that the mini-sigmoid, at least the
one in our study, has the same formation and eruption process as the large-scale one,
but is significantly influenced by the overlying flux.
Keywords: Sun: corona — Sun: flux rope — Sun: sigmoids — Sun: eruption
1. INTRODUCTION
Solar eruptions refer to the phenomena involving explosive outflows of magnetic
field and plasma from the solar atmosphere. Coronal mass ejections (CMEs) are
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the most violent solar eruptions and usually accompany with solar flares (Green
et al. 2018; Andrews 2003; Yashiro et al. 2005). Before the eruption of CMEs, S-
shaped structures, i.e., sigmoids (Rust & Kumar 1996), are often observed in soft
X-rays in their source regions (Hudson et al. 1998; Rust & Kumar 1996; Gibson
et al. 2002; Liu et al. 2007; Green & Kliem 2009). Using full-resolution images from
the Yohkoh Soft X-Ray Telescope, Canfield et al. (1999, 2007) studied 107 bright
sigmoids and found that the active regions with sigmoids are more likely to produce
large-scale eruptions. A relationship is also found between the chirality and the
location of sigmoids, i.e., most of sigmoids in the southern hemisphere are right-
handed, manifesting as a forward S-shape and those in the north are left-handed,
appearing as a reversed S-shape (Rust & Kumar 1996; Zirker et al. 1997). Based
on their lifetime, sigmoids are also classified as transient ones, which generally last
for tens of minutes to hours and always present a single and continuous loop, and
long-lasting ones, which last for days to weeks and generally comprises of stable
multiple loops (Archontis et al. 2009; Moore et al. 2001). Note that, it is found that
two discontinuous J-shaped structures, connecting the front (back) of the positive
polarity to the front (back) of the negative polarity, are also displayed as a single
sigmoid apparently (Pevtsov et al. 1996).
It is usually considered that sigmoids are kind of observational manifestations of a
flux rope (Hudson et al. 1998; Rust & Kumar 1996; Sterling & Hudson 1997; Cheng
et al. 2017), which is a specific magnetic structure composed of a bundle of magnetic
field lines twisting around a common axis. As for the formation of the flux rope,
two groups of models have been proposed. The first group suggests that the flux
rope preexists in the convection zone and then emerges into the corona by buoyancy
(Fan 2001; Fan & Gibson 2004, 2006; Gibson & Fan 2006; Archontis & To¨ro¨k 2008;
Archontis et al. 2009). However, Fan (2001) found that the flux rope is unable to
completely pass across the photospheric boundary due to the drag of plasma gathered
in magnetic dips. The flux rope in the corona is actually a newly formed one through
the reconnection of the partially emerged field (also see Hood et al. 2009; MacTaggart
& Hood 2009). The second mechanism suggests that the flux rope is built up directly
via the reconnection low in the solar atmosphere, which transforms sheared arcades
into twisted field lines. Meanwhile, some small loops are formed and then submerge
under the photosphere due to magnetic tension, manifesting as flux cancellation (van
Ballegooijen & Martens 1989; Green et al. 2011; Gibb et al. 2014). Based on shearing
and converging motions, as well as magnetic cancellation near the polarity inversion
line (PIL), several numerical models have successfully reproduced the transformation
of potential field lines to long-lasting sigmoidal ones (Amari et al. 2000, 2003; Aulanier
et al. 2005a, 2010; Mackay & van Ballegooijen 2001, 2005, 2006). Liu et al. (2002)
also found that the reconnection may transfer the mutual helicity into the self-helicity
to form the sigmoidal structure.
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Observationally, many investigations also addressed the formation of sigmoids. Us-
ing the Hα data provided by the Multi-channel Subtractive Double Pass spectrograph,
Schmieder et al. (2004) found that the field lines reconnect to form a longer segment,
with both the EUV brightenings and flux cancellation being observed, consistent with
the model proposed by van Ballegooijen & Martens (1989). Although proposed for
the formation of filaments, this model can interpret the formation of sigmoids as well.
By studying the formation of the helical configuration and associated filament, Joshi
et al. (2014) also emphasized the importance of magnetic reconnection (also see Yan
et al. 2016; Vemareddy et al. 2016). Cheng et al. (2014) studied the formation of the
hot channel-like magnetic flux rope and further confirmed that the twisted field lines,
indicated by the continuously sigmoidal hot threads, are formed via the reconnection
of two groups of sheared arcades near the PIL. Joshi et al. (2017) also analyzed the
formation process of a sigmoid and found a transient brightening at the cross site of
two J-shaped loops, further supporting the occurrence of the reconnection between
the two J-shaped loops.
Nevertheless, the sigmoids previously studied are mostly from regions where the
background magnetic field is closed. Whether the property of the background field
influences the specific formation and eruption of the sigmoids has been less addressed.
In this paper, we investigate the formation and eruption process of a mini-sigmoid
originating in a cross-equatorial coronal hole, the magnetic field in which is mostly
open, significantly different from that of active regions; thus, it may influence the
formation and eruption of the mini-sigmoid. In Section 2, we present the observations
and the DEM analyses, which are followed by the three-dimensional magnetic field
structure and corresponding topology of the mini-sigmoid in Section 3. Our conclusion
and discussions are given in Section 4.
2. OBSERVATIONS
2.1. Instruments
The data we utilize are mainly from the Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) and Helioseismic and Magnetic Imager (HMI; Schou et al. 2012)
on board Solar Dynamics Observatory (SDO ; Pesnell et al. 2012). The AIA images
the solar atmosphere through 10 passbands, effectively covering the temperature that
ranges from 0.06 MK to 20 MK, with a temporal cadence of 12 s and a spatial
resolution of 1.2 arcsec. The HMI provides the full disk line-of-sight magnetograms,
with a cadence of 45 s and a spatial resolution of 1.0 arcsec.
2.2. Observational Results
The AIA captured the detailed formation and eruption process of the mini-sigmoid
in the coronal hole from 12:00 UT on 2017 January 28 to 11:40 UT on 2017 January
31 (Figure 1 and attached movies). The potential field over the source region is
shown in Figure 1 (b), which is calculated using the potential field source surface
(PFSS) model in a spherical volume between r=1 Rs and r=2.5 Rs (Schrijver & De
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Figure 1. (a) Full-disk image of SDO/AIA 193 at 11:30 UT on 2017 January 30; (b) 3-
dimensional magnetic field structure computed by the PFSS model, with magenta (white)
lines showing the open (closed) field and the yellow arrow pointing to the source region of
the mini-sigmoid, same as the region in (a); (c) Zooming in of the mini-sigmoid.
Rosa 2003). Here, we directly acquire the data using the “pfss viewer.pro” routine in
SSW package. The target structure initially appeared as a set of magnetic arcades
which were clearly observed at the 171 A˚, 193 A˚, and 211 A˚ passbands (Figure 2
(a1)–(c1)). With the time going on, these magnetic arcades became brighter (Figure
2 (a2)–(c2)). And interestingly, at 07:00 UT on January 30, the magnetic arcades
started to shear and became two J-shaped structures with their straight ends being
close to each other as shown, in particular, in the 193 A˚ and 211 A˚ images (Figure
2 (b3) and (c3)). With the development of the shearing, a continuously sigmoidal
structure started to appear, as the one shown at 12:00 UT on January 30 (Figure
2 (b4) and (c4)). Two representative J-shaped loops transforming into a continuous
sigmoidal structure are indicated in Figure 2 (b3) and (b4). At 14:00 UT on January
30, most of the bright sigmoid structures erupted, but several small sheared arcades
still existed after the eruption (Figure 2 (a5)–(c5)). They apparently also make up a
diffuse sigmoidal structure as shown in Figure 2 (b5).
To understand the formation of the mini-sigmoid, we study the evolution of the HMI
line-of-sight magnetic field and find that it can be divided into three stages: a rapid
emergence phase, a relatively stable phase that lasted for 8–10 hr, and a long but
slow cancellation phase, which can be seen obviously in Figure 3. The total positive
and negative fluxes are integrated over the region that moves slightly with time for
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Figure 2. SDO/AIA 171 A˚, 193 A˚ and 211 A˚ images (first three rows) showing the
evolution of the mini-sigmoid. The HMI line-of-sight magnetograms (the last row) showing
the evolution of the corresponding magnetic field in the photosphere. The two representative
J-shaped loops and S-shaped structure are marked by blue lines in panels (b3) and (b4),
respectively. The blue arrows in panel (b5) point out the erupting structures. The blue
boxes in panels (d1) - (d5) show the region we use to integrate the total positive and negative
magnetic flux.
the sake of including the entire bipole as completely as possible. The moving region,
defined according to the magnetic flux centroid of the bipole, is shown in Figure 2
(d1) - (d5). One can see that, at about 16:30 UT on January 28, a small bipole
began to emerge rapidly with its two polarities separating from each other (Figure 2
(d1)). The fast emergence led to an increase in both positive and negative magnetic
fluxes (Figure 3). Several hours later, the positive (negative) polarity began to move
toward the southwest (northeast) as a result of the shearing motion. Afterwards, they
tended to converge to the PIL. Due to the shearing and converging motions, the flux
was cancelled there slowly, resulting in a gradual decrease of the positive (negative)
flux in the whole area. The flux cancellation is generally thought to be related to the
reconnection in the lower atmosphere (van Ballegooijen & Martens 1989), which, in
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Figure 3. Temporal evolution of the positive (blue), negative (red) and unsigned total
magnetic fluxes (black) in the mini-sigmoid source region. The first (second) red dashed
line shows the beginning of the emergence (cancellation) phase. The shaded region indicates
the time range of the eruption.
Figure 4. Temporal evolution of the EUV intensities integrated in the whole sigmoid
source region at 7 AIA EUV passbands. The shaded region has the same meaning to that
in Figure 3.
this event, could change the sheared arcades into the sigmoidal structure, as shown
in the AIA images.
In order to study the temporal variation of the intensity in the sigmoid source
region, we plot the integrated EUV flux in the region of interest as shown in Figure
4. One can see that, especially in the flux cancellation phase, the EUV intensities at
all passbands increased with time till the occurrence of the eruption. After that, the
intensities decreased obviously and then started to increase again. The simultaneity
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Figure 5. Time-slice plots of HMI line-of-sight magnetograms showing the emergence
phase (a) and cancellation phase (c) of the bipolar region. The directions used for making
the time-slice plots are indicated by the blue lines in the two magnetograms at 19:35 UT
on 2017 January 28 (b) and 06:36 UT on 2017 January 30 (d). The slopes of the oblique
lines represent the moving velocities of the positive and negative polarities.
between the increase of the EUV intensity and the decrease of magnetic flux strongly
suggests that the reconnection, manifesting as the flux cancellation, could play a key
role in the process of the formation of the mini-sigmoid. The reconnection not only
transfers the sheared arcades into the sigmoidal field but also heats the surrounding
plasma.
To further quantify the movement of the positive and negative polarities, we make
time-slice diagrams of the HMI images as shown in Figure 5, where the panels (a)
and (c) show the emergence phase and the flux cancellation phase, respectively. The
directions of the slices we choose are shown in Figure 5 (b) and (d). We find that
the velocity of the positive polarity (1.7 km s−1) is much larger than that of the
negative one (0.2 km s−1) in the emergence phase. In the short period of 04:0009:00
UT on January 30, during which the flux cancellation can be clearly detected, the
convergence velocities of the positive and negative polarities are estimated to be about
0.3 km s−1 and 0.2 km s−1, respectively. The time-slice plot of AIA 211 A˚ images
show the dynamic process of the eruption of the sigmoid (Figure 6). Unfortunately,
restricted by the projection effect, we cannot determine the real height of the erupting
structure and its evolution with time, but can only derive its projection distance from
the source region as shown in Figure 6 (b) and the velocity component in the plane
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Figure 6. (a) Time-slice plot of AIA 211 A˚ images showing the eruption process. (b) The
slice is taken along the direction to the northwest (the line in blue) as indicated in the AIA
211 A˚ image at 14:05 UT on 2017 January 30. The slope of the oblique line in panel (a)
represents the moving velocity of the erupting structure along the plane of sky.
of sky in Figure 6 (a). Assuming that the eruption is along the radial direction, the
linear velocity is corrected to be around 60 km s−1.
2.3. Thermal Property of Mini-sigmoid
The observed flux of passband i can be written as Fi =
∫
Ri(T ) × DEM(T )dT ,
where the Ri(T ) is the temperature response function and DEM(T ) is the plasma
DEM in the corona. Knowing the observed flux Fi and response function Ri(T ), we
resolve the DEMs of each pixel in the mini-sigmoid source region following the method
in Cheng et al. (2012), using the “xrt dem iterative2.pro” routine in SSW package.
The emission measure maps at the four temperatures are shown in Figure 7. One
can see that the temperature of the sigmoidal structure is around 2.0×106 K (Figure
7 (b4) and (c4)). It is interesting that, before the appearance of the sigmoid, two
J-shaped structures that constitute an apparent sigmoid have a higher temperature
of 2.5× 106 K (Figure 7 (d3)). Such a difference in temperature between the double
J-shaped loops and the S-shaped structure is in agreement with the expectation that
the sigmoidal field lines, are formed by the reconnection between two sheared arcades
near the PIL. With the J-shaped arcades being closer to the reconnection site, they
tend to be heated up to a higher temperature. Shortly afterwards, these J-shaped
arcades transform into the sigmoidal structures, which then cool down probably due
to the expansion. This is basically consistent with the observations by Tripathi et al.
(2009).
3. NONLINEAR FORCE-FREE FIELD STRUCTURES OF MINI-SIGMOID
3.1. Flux-rope Insertion Method
Through the flux-rope insertion method (van Ballegooijen 2004; Bobra et al. 2008;
Su et al. 2009), we further reconstruct the nonlinear force-free field structures of the
mini-sigmoid source region using the HMI line-of-sight magnetic field as the bottom
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Figure 7. Temporal evolution of the EM distributions of the sigmoid source region at the
four temperatures intervals ranging from 80 MK to 250 MK .
boundary. More details for the flux-rope insertion method can be found in Su et al.
(2009).
In summary, the flux-rope insertion method usually follows four steps: (1) calculat-
ing the potential field as the initial condition; (2) creating a cavity and then inserting
a flux rope along a selected path; (3) choosing the axial flux and poloidal flux of the
inserted rope; (4) evolving the structure to the NLFFF through magneto-frictional
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Figure 8. HMI magnetograms showing the radial component of magnetic field in the region
of interest. The blue curves in panels (b) and (c) show the paths along which the flux ropes
are inserted with the blue circles denoting their footpoints.
relaxation and then comparing them with the observations to achieve the best fitted
model. In our calculation, we use the uniform grid along the longitudinal and the lati-
tudinal direction and the exponentially stretched grid along the radial direction, with
the size of the bottom row is dx = dy = 1 cell = 0.001 solar radii and dz = 0.7 Mm.
Here we choose three time instances, when the target region exhibited clearly recog-
nized feature for comparison: (1) 20:00 UT on January 28, when the emergence phase
almost finished, a row of arcades that connected the positive and negative polarities
of the bipolar region are clearly observed at the AIA 193 A˚ passband; (2) 20:00 UT
on January 29, when the emerged arcades were severely sheared; (3) 11:32 UT on
January 30, when the flux cancellation phase had started and a north-south directed
sigmoid had been formed as was clearly observed at the 193 A˚ passband. The paths
of the inserted flux ropes are shown in Figure 8. Moreover, in order to simplify the
analysis, the inserted flux ropes only have an axial flux. The paths of the inserted
flux ropes are shown in Figure 8.
3.2. NLFFF Structures
Figure 9 shows the NLFFF structures at the three time instances. The overlaid
white lines in Figure 9 (a1)-(a3) show the observed arcades and sigmoidal structures
for comparison with the extrapolated results. Note that the dashed lines in Figure
9 (a3) mark very faint sigmoidal loops that can be identified in the corresponding
NLFFF. One can see that, the magnetic field lines that are best fitted to the obser-
vations (the middle and bottom rows of Figure 9) are gradually sheared and finally
form the sigmoidal ones with the increase of the inserted axial flux. Table 1 shows
the axial flux of the inserted ropes as well as the potential field energy, magnetic free
energy and relative magnetic helicity of the corresponding NLFFF field. At the first
instance, the potential field model matches the observations better than the NLFFF
model, which implies that the magnetic field that just emerges is most likely close to
potential. At the second instance, the magnetic arcades have been seriously sheared
(Figure 9 (b2)), which correspond to the bright structure in the source region. At the
third instance, the sigmoidal field lines have been formed. We observe a number of
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Figure 9. NLFFF structures with the corresponding AIA 193 A˚ images. (a1)-(a3) AIA 193
A˚ images overlaid by the contours of the HMI line-of-sight magnetic field. The red (blue)
indicates the positive (negative) polarity. The sheared arcades and sigmoidal structures are
delineated by the white lines. (b1)-(b3) Top view of the extrapolated field lines. (c1)-(c3)
Side view of the sigmoidal lines. The yellow lines show the observed sigmoidal structure,
and the purple lines indicate those with the highest twist.
S-shaped loops with the southern footpoints distributed at a very extended area, as
shown in Figure 9 (a3). The northeastern sigmoidal loops were much brighter than
the southwestern ones. Both of them can be identified in the extrapolated magnetic
fields as denoted by yellow and light-yellow lines in Figure 9 (b3), respectively. The
purple lines in Figure 9 (b3) and (c3) show the strongly twisted field lines correspond-
ing to the high-twist region in Figure 10 (a1) and (b1). Compared with the previous
instances, the twist of the field lines is significantly increased, consistent with the
transformation of sheared arcades into a sigmoidal field. Note that, we check the con-
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Table 1. Parameters of the Best-fitting Results
Time Axial Flux Potential Field Energy Magnetic Free Energy Helicity
(Mx) (erg) (erg) (Mx2)
01-28 20:00 6.66× 1029 1.95× 1040
01-29 20:00 2× 1019 7.36× 1029 5.98× 1027 2.43× 1040
01-30 11:32 1× 1020 7.69× 1029 5.37× 1028 3.00× 1040
Figure 10. (a1)-(a3) Top view of 3-dimensional distribution of the twist, squashing factor
Q and electric current, respectively. (b1)-(b3) Same as panels (a1)-(a3) but for side view.
Table 2. Force-free and Divergence-free Measure
Time(UT) σJ fi
January 28 20:00 UT 1.815× 10−2 1.255× 10−3
January 29 20:00 UT 1.678× 10−2 7.880× 10−4
January 30 11:32 UT 2.556× 10−2 5.643× 10−4
vergence of the reconstructed fields to the force-free state by calculating the average
of the angle between the magnetic field and current density σJ = Σi(| ~J× ~B|i/Bi)/ΣiJi
and also the divergence-free state by calculating the average value of the magnitude of
fi ≈ (∇· ~B)i∆Vi/(BiAi) following Wheatland et al. (2000). It is found that both val-
ues, as shown in Table 2, are very small, consistent with the assumption of force-free
field.
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3.3. Twist, Squashing Factor and Electric Current
In order to further quantify the property of the sigmoidal field, we calculate the
distribution of the twist at the third instance (shown in Figure 10 (a1) and (b1)).
It is found that the sigmoidal field has a highest twist of 0.8, corresponding to the
erupting threads that distribute in both northern and southern parts of the mini-
sigmiod. We calculate the squashing factor Q, which measures the change of magnetic
field connectivity (Demoulin et al. 1996; Titov et al. 2002; Titov 2007), following the
method of Tassev & Savcheva (2017) and Scott et al. (2017). Similar to what is
revealed in observed EUV images, the distribution of the Q value also presents two
groups of sigmoidal structures. The northern part shows an obvious S-shape from
the top view, corresponding to the brightest sigmoidal loops. It It is argued that
the observed sigmoidal loops are most likely associated with magnetic reconnection,
which is prone to occur in high-Q region as found in many previous active region
events (Demoulin et al. 1997; Mandrini et al. 1997; Masson et al. 2009; Vemareddy
& Wiegelmann 2014; Yang et al. 2015; Savcheva et al. 2015; Janvier et al. 2016) and
numerical simulations (Aulanier et al. 2005b; Wilmot-Smith et al. 2010; Janvier et al.
2013). The current distribution is also found to be S-shaped, consistent with the
morphology of the pre-erupting EUV structures. It further implies that the observed
sigmoidal structure is closely related to electric current dissipation in the reconnection
region.
From Figure 10 (a1) and (b1), one can see that the maximum of the twist is around
0.8. This is to say, a full flux rope in the coronal hole-hosted mini-sigmoid has not
been formed when approaching the eruption. It shows that the mini-sigmoid mostly
consists of strongly sheared loops. Considering the low twist of the sigmoid, the
occurrence of kink instability is impossible. This is also consistent with the absence
of the rotation motion during the eruption, which is usually used to identify the
appearance of kink instability (e.g., Ji et al. 2003; Williams et al. 2005; Rust &
LaBonte 2005).
Different from the sigmoids in active regions, the mini-sigmoid under study is lo-
cated inside a coronal hole, where the background magnetic field is mostly open and
thus more favorable for the eruption of the mini-sigmoid. Here, we calculate the
decay index of the background field above the PIL before the eruption using the
equation n = −dlnB/dlnh, where B and h denote the background field strength and
height, respectively. The background field is computed by means of the potential
model based on the magnetogram took at 16:30 UT on January 28. The reason of
selecting the magnetogram even before the emerging phase is mainly for eliminating
the contribution of the bipole to the background field. Note that only the horizontal
component of the potential field is used to calculate the decay index, since the vertical
component does not constrain the eruption (Cheng et al. 2011; Nindos et al. 2012).
The distributions of the background field and corresponding decay index with height
are shown in Figure 11.
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Figure 11. HMI line-of-sight magnetogram at 11:32 UT on January 30 (left panel) and the
distribution of the decay index at a place above the PIL (in red) with height (right panel).
The horizontal dash-dotted line shows the decay index of 1.5, the corresponding height is
indicated by the vertical dash-dotted line.
From the reconstructed 3-dimensional sigmoidal structure, we estimate that the
mini-sigmoid has ascended to a height of more than 8 Mm at the third instance
where the decay index is found to be 1.5, which is very close to the critical value of
the torus instability (e.g., Bateman 1978; Kliem & To¨ro¨k 2006). The real height of
the erupting sigmoidal structure is hard to be determined because it is located near
the center of the solar disk. However, we estimate the distance of the northern part of
the sigmoid to the PIL, which is about 9.5 Mm. From Figure 11, we can see that the
corresponding decay index is about 1.7 if assuming this distance is approximately the
sigmoid height. Note that such a value is a lower limit, the real one should be bigger
as the real height could be larger than 9.5 Mm. It shows that the open background
field declines very quickly with height so that the torus instability can start in the
very low corona, thus in favor of the eruption. On the other hand, it may also have a
role in preventing the twist from being continuously accumulated to a higher value.
In fact, a recent simulation by Fan (2017) also stated that the rising flux can erupt
before the twist increases to 1 once it reaches the critical height of torus instability.
In short, we argue that the mini-sigmoid may have entered the unstable regime at
the third instance, which is consistent with the following eruption process as seen in
the AIA images.
4. SUMMARY AND DISCUSSIONS
In this study, we explore the formation and eruption of a mini-sigmoid located
within a cross-equatorial coronal hole, where the magnetic field is mostly open and
significantly different from that of sigmoids in active regions as studied previously.
Through analyzing the EUV images from SDO/AIA and the magnetic field data from
SDO/HMI, we find that the source region of the mini-sigmoid initially appears as a
bipolar region. Subsequently, it experiences three phases: a rapid emergence phase, a
relatively stable phase, and a long but slow cancellation phase. In particular, shortly
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after the emergence phase, the positive and negative polarities become sheared to each
other. Such a shearing motion can drive the evolution of the magnetic field from near-
potential to non-potential (Aulanier et al. 2010). Thereafter, the converging motion
makes the two ends of the non-potential sheared arcades with opposite directions
reconnect and build up the sigmoidal field lines. The continuous flux cancellation
near the PIL indicates that the reconnection takes place in the lower atmosphere.
Moreover, in the EM maps of different temperatures, we see two J-shaped structures
with a higher temperature, which then transform into a sigmoidal structure. The
temperature of the sigmoidal field slightly decreases after its formation but is still
larger than that of the background coronal hole. This indicates that the reconnection
also plays an important role in heating the local plasma.
We also reconstruct the potential field and nonlinear force-free field structures of
the mini-sigmoid source region using the flux rope insertion method. The results well
reproduce the potential magnetic arcades, non-potential sheared arcades, and their
transformation into the sigmoidal structure. The distribution of the squashing factor
Q further reveals that the S-shaped field lines cross the high-Q region, suggesting
that the reconnection is most likely to occur there.
It has been realized that the sigmoids notably vary in scale (Savcheva et al. 2014).
Interestingly, it has also been found that the small-scale sigmoids have the same
formation and eruption mechanism regardless of their scale (Liu et al. 2002; Mandrini
et al. 2005; Jiang et al. 2013a,b; Chesny et al. 2015, 2016; Vasantharaju et al. 2019).
It is worth noticing that all the small-scale or mini-scale sigmoids that have been
analyzed previously originated from active regions or weak field regions, where the
background field is mainly closed. However, the mini-sigmoid in the present study
was located within a coronal hole. On the one hand, similar to previous studies,
the formation of the mini-sigmoid is comparable with that of the sigmoids in active
regions, basically conforming to the model proposed by van Ballegooijen & Martens
(1989). It requires continuous shearing and converging motions near the touch point,
two J-shaped loops then form continuous S-shaped structures through the tether-
cutting like reconnection (Green & Kliem 2009; Liu et al. 2010; Cheng et al. 2014,
2015). As Kliem et al. (2004) suggested, the sigmoidal structure denotes the field
lines coming from the reconnection region below the rising rope, where the plasma
are heated correspondingly. On the other hand, it may be easier for the mini-sigmoid
in the coronal hole to erupt due to the open background field. This is supported
by the fact that the decline of the background field above the mini-sigmoid is fast
enough at the height below 10 Mm. The different background field may also influence
the critical twist before the eruption. For active-region sigmoids, the twist is often
found to be more than 1 (e.g. Romano et al. 2003; Savcheva & van Ballegooijen
2009; Chen et al. 2014; Su et al. 2018), which is much larger than that (0.8) of the
mini-sigmoid in the current study. This is understandable as the closed background
field provides stronger magnetic tension comparing with the open one, thus in favor of
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the accumulation of the twist. Note that, in coronal hole, coronal jets and whip-like
motions are often observed (Cirtain et al. 2007). They are believed to be caused by
the reconnection of emerging flux with the background open field (Shibata et al. 1992;
Shibata 2000), thus possibly different from the sigmoid eruption studied here.
It is worth noting that, the formation of the mini-sigmoids involves a much smaller
magnetic flux than the active region sigmoids. Green et al. (2011) studied the for-
mation of the sigmoid in NOAA AR 10977 and found that a magnetic flux of about
7 × 1020 Mx was cancelled in the source region during the period of three days.
Savcheva et al. (2012) also found a flux of about 1021 Mx being cancelled during the
decay phase. The cancelled flux for the mini-sigmoid in this work is only 5× 1015 Mx
(positive) / 9× 1015 Mx (negative). Correspondingly, the total helicity of the active-
region sigmoids is more than 1× 1041 Mx2 (Green et al. 2011; Savcheva et al. 2012),
while that of the small-scale one we study is only about 1–3×1040 Mx2. Nevertheless,
although small amount, the cancelled flux during the formation of the mini-sigmoid
amounts for more than 70% of the peak flux, much larger than the values (34%) found
in the active region cases (Green et al. 2011; Savcheva et al. 2012).
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